Abstract Structure, improvements and experiment results of a vertical three-channel far-infrared (FIR) hydrogen cyanide (HCN) laser interferometer, operated routinely in EAST to measure the electron density profile, are presented. Moreover, a five-channel deuterium cyanide (DCN) laser interferometer was developed successfully. Some key issues confronted in development, including the economization of working gas and the solution to atmospheric absorption, are resolved and described in detail.
Introduction
FIR laser diagnostics are widely used on tokamaks to determine the distribution of the electron density in plasma as well as its temporal evolution [1∼5] . The line-averaged density in EAST lies in the region of 0.5× 10 19 m −3 to 4.0× 10 19 m −3 . The minor radius of plasma and the distance from the equatorial plane of the plasma to the window are 0.4 m and 4.36 m, respectively [6] . Based on a vertical single-channel interferometer first built for a test, a three-channel FIR laser interferometer has been developed to measure electron density profile in EAST. The HCN laser, with 337 µm in wavelength, is a proper choice as the light source. It is a continuous-wave waveguide laser with a discharge length of 3 m and a resonator length of 3.4 m. The working gas is a mixture of nitrogen, methane and hydrogen in a ratio of 1:1:5. The output power is up to 120 mW at 337 µm [7∼9] . A power control system for steady-state output was designed to stabilize the output power of HCN laser and proven effective. Both spatial and temporal distributions of electron density on EAST are available through asymmetrical Abel inversion [10∼12] . Some details of this control system will be described.
In view of developing diagnostics on EAST, a multichannel vertical DCN laser interferometer/polarimeter system was considered to install to get electron density and poloidal current profiles simultaneously [13∼16] . At present, a five-channel FIR DCN laser interferometer has been developed, with the probing beam positions located at R = 1.64 m, 1.73 m, 1.82 m, 1.91 m and 2.0 m along the major radius. Some key issues about the economization of working gas and atmospheric absorption of the 195 µm-emission will also be discussed.
Three-channel HCN laser interferometer
The optical system of the HCN interferometer is shown in Fig. 1 . It is a heterodyne laser interferometer with the Mach-Zehnder arrangement. The laser beam is divided into a reference beam and three probing beams passing vertically at major radii R of 1.64 m, 1.82 m and 2.0 m. The probing beam traversing the cross section of plasma experiences a phase shift. The reference beam reflected by a rotating grating generates a frequency shift for heterodyne detection. The optical signals are received by Triglycine sulfate (TGS) detectors with a detection sensitivity of 1/15 fringe in a temporal resolution of 100 µs. The stability of the laser output power is important for long-term operation. In practice, the resonator cavity length is easily affected by the environmental temperature, leading to a unstable laser power. The usual solution is to keep the oil jacket, surrounding the discharge chamber, at a constant temperature. But there are some defects, such as the liable oil leakage. In order to improve this diagnostics system, some active precautions should be taken so as to keep the laser stable. A control system for steady-state power output, including a programmable logic controller (PLC), has already been designed to stabilize the output power of HCN laser.
2.1 Steady-state output power control system for HCN laser
The resonator cavity of the laser consists of a pyrex of 54 mm in diameter and two planar reflectors attached at both ends. One of the reflectors is a metal mesh, and the other is a golden glass mirror which can be moved horizontally by means of a micrometer to adjust the cavity length. The oil jacket was removed this time. The micrometer is driven by a stepping motor via pulley-belt arrangement, as shown in Fig. 2 . One step rotation of 0.72 o causes the mirror to move a distance of 1 µm, with both parameters adjustable according to the experiment requirements. The laser output power is controlled by a closed-loop feedback system, shown schematically in Fig. 3 . The output power signal detected is applied as the feedback signal. As the output power decreases, PLC judges the direction and the number of steps to compensate the reduced output power. Usually the lowest output power, below which the feedback control system is activated, is set at 95% of the maximum output power. The controller reads the output power signal for each time interval T of, e.g., 3 min. For example, let the sample value 3 mins ago be V 1, and the sample value at present be V 2. If the difference (V 1-V 2) exceeds the preset value, PLC begins to calculate the direction and the number of the pulses under the program control. Then, it will drive the mirror moving a distance ∆L(∆L > 0 means an increase in the cavity length) automatically. A block diagram of this feedback control system is shown in Fig. 3 . In the figure EM253 is a position-control module driving the stepping motor through sending a pulse signal. The step size for changing the cavity length per pulse signal is 1 µm. CP243-1 is an Ethernet module to connect the control system to the supervisor computer in the control room. The above-mentioned preset value and time interval T can be varied in accord with the experimental situation, resulting in an elevation for the flexibility and scalability of the system. An output power under the feedback control is shown in Fig. 4 . An experiment carried out for six hours demonstrated that the laser output power was stably kept above the maximum available power which is defined as 80% of the maximum power deliverable by the laser. The dashed line represents the control signal. As a comparison, the output power without the feedback control is also shown in Fig. 5 . It can be seen that within three hours the output power decreased beyond the lowest allowable power, defined as 50% of the maximum power deliverable by the laser. It is indicated through the comparison that the control system for a steady-state power output can stop the downtrend of output power efficiently and makes the laser working stably. It not only makes the use of an oil jacket unnecessary to stabilize the laser power, but also saves the time for retuning the laser cavity length in the EAST hall in every two to three hours during experiment.
Data processing and experimental result
The waveforms of plasma current I p , loop voltage V p , and laser phase shifts HCN1-HCN3, measured for ohmic heated discharge No. 20897, are shown in Fig. 6 . The reversed signals in HCN1-HCN3 are due to the fact that the output of phase meters [0, 5V], correspond to the phase shift of [0, 2π]. A temporal evolution of the averaged electron density deduced from the above phase shift data is shown in Fig. 7 . Through an asymmetrical Abel inversion, a three dimensional diagram of the spatial and temporal distribution of electron density in EAST is derived and shown in Fig. 8 . 
Development of a multichannel FIR DCN laser interferometer
In order to obtain a more accurate electron density profile, a vertically five-channel FIR DCN laser interferometer was developed, with its performance tested successfully. It will be used in the next EAST campaign. The DCN laser source is also a continuous-wave waveguide laser. It is of a similar structure to the HCN laser, but with a different working gas. After an optimization for different parameters, such as the ratio of nitrogen, deuterium silane (CD 4 ), deuterium and helium in gas mixture, the discharge current, the pressure, as well as the new LaB 6 cathode, a laser output power of up to 200 mW at the wavelength of 195 µm was achieved. The laser had been operated continuously for a period longer than 30 days [17, 18] . Some novel features of this DCN laser will be described below.
Working gas's mode conversions to save deuterium silane
The working gas, especially the deuterium silane, for the DCN laser is usually difficult to get and expensive. In order to save deuterium silane, the gas flow of deuterium silane was cut off between two shots in EAST, which is inherently in pulse operation. For this purpose we first confirmed that the discharge in the laser tube works stably in two distinct gas mixture, namely the gas mixture of nitrogen, deuterium silane, deuterium and helium (operational mode) and that of nitrogen and helium (non-operational mode). It is required that the operational mode working during the discharge should be switched smoothly to the non-operational mode working between consecutive two discharges, and switched back to the operational mode before the next discharge. Experiments have been conducted to simulate the mode conversions, provided there are six discharges in two hours with each discharge lasting for 1 min. In an interval between two discharges, the laser tube was in the non-operational mode, and hence the laser output signal was at the noise level, as shown in Fig. 9(a) . It is seen clearly that the laser output power declined gradually as the gas mixture was switched to the nonoperational mode.
In order to attain the maximum available power in the operational mode, it is necessary to retune the laser cavity after each gas-mixture conversion. Because of the similarity between the HCN and DCN lasers the control system for a steady-state power output used on HCN laser can also be applied to the DCN laser with some adjustments in the control parameters. After finishing the conversion in gas mixture from nonoperational mode to operational one, the control system for cavity length begins to work for up to 2 min in retuning the laser's output power, as shown in Fig. 9(b) .
Another simulated discharge was conducted to illustrate the details of the control of both gas mixture mode and cavity length. Details of the temporal evolution of relevant parameters are shown in Fig. 9(c) . As EAST is ready for a discharge, a beginning signal from the super control room is sent to the gas-flow control system to switch the gas mixture mode to the operational mode. In Fig. 9(c) , the beginning signal was sent at 67 min. Then, after a period of 1.5 min to restore the output power to a stable value automatically, the feedback control system begins to work at 68.5 minute and persists for 2 minutes to adjust and keep the output power at its highest value. The obvious difference before and after using the control system can be seen. The maximum value attained in the self-restore phase was 0.95, while the feedback control helped to make the peak value up to 1.10. Thus the output power was elevated by 16%. After one hour duration the nonoperational mode was also measured. In this case, after switching to the operational mode, the output power increased by at least 50%, through the steady-state control system. It is shown that the non-operational duration has a strong impact on the self-restored value of the output power. The longer the non-operational duration, the lower the self-restored value of the laser's output power. Through the simulation experiments described above, it is shown that after several gas mode conversions, the laser keeps working in a good state with a stable power output very close to its peak value. Meanwhile, the amount of working gas can be saved as much as 80%.
Atmospheric absorption of the DCN laser radiation
The ambient humidity in the environment around EAST (relative humidity normally above 50%) strongly absorbs the propagating 195 µm laser beam. The general expression for the power P (z) received at a distance z from the output laser power located at z = 0 is given by P (z) = P 0 exp(−αz) [19] , where P 0 is the laser power at the window, α is the atmospheric absorption coefficient. This relation was checked under the condition that the laser power at the window is 108 mW with a room temperature of 295 K and a relative humidity of 50%. For z = 6 m, P (z) = 45 mW, with α = 0.21 given. For z = 12.5 m and α = 0.23 given, P (z) = 10 mW. For FIR laser interferometer in EAST, the optical distance is required to be up to 20 m and the power signal will be attenuated down to about 1%. To improve this situation, a frozen dehumidified technique was used previously, which decreased the relative humidity down to 30%. But no power signal was detected even with much sensitive InSb detector. Finally a low-dew point rotary dehumidifier was used and a drop in the relative humidity down to 10% and the detection of the signal with beat were then obtained. It is planned to alleviate this atmospheric laser power absorption problem by using a hollow waveguide filled with dry air or nitrogen in the near future.
Conclusion
The current status of the newly developed FIR laser interferometers to measure the electron density distribution in EAST is presented. It is indicated that FIR HCN laser interferometer can routinely give the mean electron density and its spatial-temporal distribution in
